Abstract An experimental investigation of the saturation ion current densities (Jions) in hydrogen inductively coupled plasma (ICP) produced by a large-power (2-32 kW) radio frequency (RF) generator is reported, then some reasonable explanations are given out. With the increase of RF power, the experimental results show three stages: in the first stage (2-14 kW), the electron temperature will rise with the increase of RF power in the ICP, thus, the Jions increases continually as the electron temperature rises in the ICP. In the second stage (14-20 kW), as some H − ions lead to the mutual neutralization (MN), the slope of Jions variation firstly decreases then increases. In the third stage (20-32 kW), both the electronic detachment (ED) and the associative detachment (AD) in the ICP result in the destruction of H − ions, therefore, the increased amplitude of the Jions in the third stage is weaker than the one in the first stage. In addition, with the equivalent transformer model, we successfully explain that the Jions at different radial locations in ICP has the same rule. Finally, it is found that the Jions has nothing to do with the outer/inner puffing gas pressure ratio, which is attributed to the high-speed movement of hydrogen molecules.
Introduction
In two-stage large-power heating, the Neutral Beam Injection (NBI) is used as the main auxiliary heating method for steady state fusion reactors such as the International Thermonuclear Experimental Reactor (ITER). In the research of the magnetic confinement thermonuclear fusion, the NBI is very important in the current driving, controlling plasma distribution and improving this control [1, 2] . The hydrogen inductively coupled plasma (ICP) driven by large-power radio frequency generator is the major positive ions source using hydrogen gas as the working gas, and the ion beam mainly includes H converted to neutral particles, most of the energy of the particles is 1/2 or 1/3 of their total energy, respectively. It is reported that the inductively coupled RF sources for the production of positive hydrogen ions have been successfully developed at Max Planck Institut für Plasmaphysik, Garching, Germany (IPP) for the ELISE and the W7AS neutral beam heating systems, which offers substantial advantages for ITER [3, 4] . In order to improve the heating efficiency of the NBI, it is expected to produce a strong, uniform and stable saturated ion current density.
In this paper, we elaborately examine the ICP saturation ion current densities (J ions ) produced by a large-power RF generator. First, the evolutions of the J ions are recorded when the RF power is changed. In order to investigate the J ions completely, the J ions is measured along the radial positions. Then, at the fixed RF power, the evolutions of the J ions are investigated with both the outer/inner puffing gas pressure ratios and the radial position, respectively. This paper is * supported by the National Magnetic Confinement Fusion Science Program of China (Nos. 2011GB108011 and 2010GB103001), the Major International (Regional) Project Cooperation and Exchanges (No. 11320101005) and the Startup Fund from Fuzhou University (No. 510071) organized as follows. In section 2, we will present some descriptions of the experimental setup and results. In section 3, the experimental results will be explained in detail, and the relevant physical model related to this phenomenon is also discussed. Finally, a short summary is given in section 4.
Experimental setup and results
Some attempts have already been performed to make the ion source [5] . In order to improve the concentration of plasma so as to obtain better experimental results, we have carried out new experimental modification, for example, the input power is increased in a larger range (2-32 kW), and a high-resolution spectrometer is used. The experimental setup is schematically shown in Fig. 1 . The ICP discharge system is composed of the RF source, the matching network, the quartz tube, and the electrode coil, etc. The working gas is H 2 , the gas pressure is maintained at 0.5 Pa, and the hydrogen is supplied in a double loop way (outer/inner ring). Other details about the device can be found in the previous work [5] . The input RF power can be increased up to 32 kW in the actual test. Owing to operating with large-power RF generator, the system will produce strong electromagnetic interference, therefore, these kinds of experiments are rare. The plasma source during operation is shown in Fig. 2 . The saturation ion current densities (J ions ) as a function of RF power at different radial positions is observed for the hydrogen ICP produced by the large-power RF power generator, when the pressure is fixed at 0.5 Pa (the outer/inner puffing gas pressure ratio 0.5 Pa/0.5 Pa). In addition, the dependence of the J ions on the outer/inner puffing ratio (1.0 Pa/0.0 Pa-0.0 Pa/1.0 Pa) is measured for different values of radial position, when the RF power is fixed at 10 kW.
J ions due to RF power variation
The variations of the J ions with RF power at different radial position are shown in Fig. 3 , when the pressure is fixed at 0.5 Pa (the outer/inner puffing ratio 0.5 Pa/0.5 Pa).
According to Fig. 3 , the J ions can be divided into three stages: in the first stage (2-14 kW), J ions monotonously increases. In the second stage (14-20 kW), there is a variation of the slope ofJ ions function. Compared with the first stage, the slope of J ions in the third stage (20-32 kW) is decreased and constant. Therefore, for the relatively small power in the first stage, the increased amplitude of J ions is proportional to the RF power. In the second stage at relatively large power, the J ions at different positions shows a similar instability. Finally, in the third stage at the maximum power, it is obvious that the increased amplitude for J ions at all positions is smaller than the ones in the first stage. 
J ions at different radial positions
The variations of the J ions with radial position at different RF power are shown in Fig. 4 , when the pressure is fixed at 0.5 Pa (the outer/inner puffing ratio 0.5 Pa/0.5 Pa ). In Fig. 4 , the J ions along radial position is proportionally the same at all values of the RF power. As is shown in Fig. 4 , when the RF power is in the range of 2-11 kW, the J ions along the radial position is basically uniformly distributed; but in the range of 20-32 kW, the J ions along the radial distribution is not uniform, showing two obvious inflection points: one is at −6 cm, where the J ions is showing the valley. Another one is at 0 cm, and the J ions is showing a local maximum. According to Fig. 4 , the J ions at −6 cm is not their minimum and the J ions at 0 cm is their maximum. It can be seen that the J ions along radial distributions showed their similar nonuniformity as a function of the power of the RF generator. 
J ions with different out/inner puffing ratio
The working gas is sent out by the double loop (outer/inner). In reality, there is different outer/inner puffing ratio to keep ICP hydrogen pressure of 0.5 Pa. In order to investigate the influence on J ions for different ways to send working gas at the fixed power, we chose 10 kW to run the ICP system.
The dependence of the J ions on the outer/inner puffing ratio for different radial positions is plotted in Fig. 5 . It can be seen that the J ions increases in the area (1.0 Pa/0.0 Pa-0.2 Pa/0.8 Pa), and the J ions is on the decline in the area (0.2 Pa/0.8 Pa-0.0 Pa/1.0 Pa), but the fluctuation amplitude is not big. Therefore, the J ions has nothing to do with the outer/inner puffing gas pressure ratio. The dependence of the J ions on the radial positions for different outer/inner puffing gas pressure ratios is plotted in Fig. 6 . In Fig. 6 , for the different outer/inner puffing gas pressure ratios, the J ions is the minimum at −10 cm, the middle at −8 cm and 4 cm, the bigger at −4 cm, −2 cm, 0 cm and 2 cm. It can be seen that at different radial positions, the J ions shows the common volatility, including the special decline at −6 cm, but the maximum is at 0 cm; of course, the J ions at −6 cm is not their minimum.
3 Interpretation and discussion
The RF power adjustment
According to the probe theory, the ion saturation current I is can be given as [6−8] 
where n 0 is the electron density of the unperturbed plasma, e the electron charge, A the probe surface area, k B the Boltzmann constant, T e the electron temperature, and m i the ion mass. With the increase of RF power in the first stage (0-14 kW), the electron number is increased, and the electron mobility is higher, resulting in higher temperature in hydrogen ICP system, thus, it can be imagined that I is is increased, and consequently J ions .
Fig.5 Jions versus outer/inner puffing ratio

Fig.6 Jions versus radial positions
For the ICP hysteresis phenomenon and instability, it is pointed out that a power lost can also be produced in the presence of negative ions in the discharge [9] . In this case, the additional dynamics of negative ion generation and destruction can result in an instability. In general, the number of H − ions is very little owing to the low power RF signal in the experiment, therefore, the H − ions in the plasma are generally ignored. However, in the second stage (14-20 kW), with increasing the power, the H − ions could be produced on a surface because some energetic hydrogen atoms (H) hit the wall having low work-function and are bounced back as H − ions, meanwhile, the hydrogenic ions (H + , H + 2 , H + 3 ) are also re-emitted [10] . However, the mutual neutralization (MN) can take place. The neutralization reactions are the most dominant H − ion loss process [11] .
The reaction rate of these reactions is < σv > MN ≈ 1×10 −13 cm 3 s −1 [12] . It is obvious that more ions including H − ions must disappear. Therefore, the slope for the J ions can be decreased because of the neutralization reaction between the positive charges and the negative charges. While the RF power is further increased, however, the slope for the J ions can be increased again.
In the third stage (20-32 kW), the increasing amplitude of J ions is less than the one in the first stage (0-14 kW), as shown in Fig. 3 . Since the RF power has achieved the large-power range, the ICP temperature is increased further, resulting in two kinds of H − ions loss [13] .
Electronic detachment (ED)
The binding energy for the loosely bound electron in an H
− ion is about 0.75 eV [14] . If an electron having energy above 0.75 eV collides with an H − ion, it will destroy the H − ion by stripping that loosely bound electron,
The reaction rate of the ED reaction increases with electron temperature, i.e. < σv > ED ≈ 2×10 −14 (m 3 s −1 ) for energy 1.5 eV and < σv > ED ≈ 1.3×10 −12 (cm 3 s −1 ) for energy 30 eV. To weaken the ED process near the extraction grid in NBI, the electron temperature near that region should be below 1 eV in an H − ion source.
Associative detachment (AD)
The reaction rate is <σv> AD ≈ 10 −15 (m 3 s −1 ) [12] . Both AD reaction and ED reaction are inter-linked and create a cascade effect [15] . Similarly, to avoid this destruction process, the pressure, the atomic density and the electron temperature in the extraction region should be kept low in NBI.
Therefore, a decrease of the slope of J ions in the third stage should be attributed to the two kinds of H − ions loss.
The radial position adjustment
With the increase of RF power in the first stage (2-14 kW), the hydrogen ICP temperatures are improved continually, thus, based on the Eq. (1), J ions is increased, as is shown in Fig. 4 . However, the J ions along the radial position is very complex. To illustrate the general principles of the inductive source operation, a cylindrical discharge is equivalent to the transformer model [9] . It is well known that the secondary coil induces the changing electric field to produce the ICP when the main coil (the antenna around 0 cm) stimulates the changing magnetic field, as is shown in Fig. 4 . Generally speaking, the magnetic field intensity exited from the antenna decreases as a function of distance, so the J ions at 0 cm is the maximum, showing a downward trend up to both ends, at −10 cm and 4 cm. Nevertheless, it is found that there is a steep decline first and then a rapid increase near −6 cm, which may show that this probe at −6 cm has been damaged. Similarly, the above explanation is also adapted to the same anomaly in Fig. 6 .
The outer/inner puffing ratio adjustment
Hydrogen molecules are assumed with mean velocity,
As an estimate, we assume that the ICP is at room temperature: H 2 molecular temperature T ≈ 10 2 K, H 2 molecular weight m ≈ 10 −27 kg, the Boltzmann constant k B =1.38×10
−23 J/K, according to the Eq. (2):v ≈1.87×10 3 m/s. In fact, the RF power in our experiment is 2-32 kW when the system is working, so the electron temperature can reach 5 eV (about 58000 K) through processing or calculation, which can lead to greater H 2 molecular movement speed. So, we can speculate that even though the working gases have different outer/inner puffing gas pressure ratios in the ICP system, H 2 molecules have such big movement speed as to produce frequent collisions, which quickly mix with each other from outer or inner rings, achieving the pressure of 0.5 Pa. Therefore, it is understandable that the J ions in ICP system has nothing to do with the outer/inner pressure ratio.
Conclusions
By means of adjusting the RF power, radial position and outer/inner puffing ratio, we systematically investigate the saturation ion current densities in inductively coupled hydrogen plasmas produced by a large-power RF generator.
First, we find that the radio frequency RF power has the important effects on the ion current density. According to the experimental results, ranges of the RF power are divided into three stages: in the first stage (2 kW to 14 kW), due to the increase of RF power, the electron temperature is enhanced in the ICP, therefore, the saturation ion current densities are increased; in the second stage (14 kW to 20 kW), there are some H − ions in the ICP as the RF power is still increased, so the mutual neutralization takes place, which caused the loss of H − ions, so the increased amplitude of the saturation ion current density drops dramatically, and then rises; in the third stage (20 kW to 32 kW), as the radio frequency RF power is very large, the higher temperature in the ICP makes both the electronic detachment and the associative detachment, which leads to the loss of H − ions. So the increased amplitude of the J ions in the third stage is less than the ones in first stage.
Then, it is found that the saturation ion current densities at different radial position in ICP had a similar rule. Using an equivalent transformer model, the antenna as the main coil stimulates its magnetic field strength along the antenna, moreover, the magnetic field strength gradually decreases with the distance. With the magnetic induction, the J ions is the strongest near the antenna (0 cm), then weakens up to two ends.
Finally, we studied the saturation ion current densities on the different outer/inner puffing ratio. Owing to the H 2 molecular movement speed being very big, the collisions between the H 2 molecules are very frequent, therefore, although the working gas comes from two different parts (outer ring and inner ring), these gases will be mixed quickly, achieving the pressure of 0.5 Pa. So, the J ions has no dependence on the outer/inner puffing gas pressure ratio in ICP system.
